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One of the immune system's main roles is the protection of its host against pathogens, including viruses. Viruses have developed a large array of methods to minimize their exposure to the immune system, such as major histocompatibility complex (MHC) down-regulation (16) and antigen mutation (17) . The destruction of virally infected cells is mediated by CD8 T lymphocytes (CTLs). Through their T-cell receptors, CTLs recognize viral peptides presented in the context of MHC class I (MHC-I) molecules (41, 43) . In general, CTL epitopes originate from short peptides cleaved by the proteasome (38) that can associate noncovalently with the grooves of MHC-I molecules. A cleaved nonamer is presented on an MHC-I molecule only if its affinity for the MHC molecule is high enough. This affinity is determined by the peptide's length and by its anchor and helping residues. In recent years, the anchor residues for many human MHC-I alleles have been determined experimentally (25, 36) . The progression of a viral infection and the immune response against it can be schematized by the following stages. Viral particles infect a host cell. Once the viral genetic material is inserted into the host cell, the virus uses the cell machinery and starts producing viral proteins. Peptides from these proteins are cleaved and eventually presented on host MHC-I molecules. Clonally expanding CTLs recognize these peptides and deliver apoptotic signals to the infected cells. A virus can propagate only if it manages to complete virus assembly and to infect other cells before its own host cell undergoes apoptosis. However, for some viruses, such as herpesviruses, the viral infection may lead to a long-lasting latent phase.
Three approaches are often used by viruses to evade the immune system's pressure: (i) an evolutionary reduction in the number of epitopes (10) , (ii) the mimicry of host epitopes (4) , and (iii) mutations of epitopes evoking an immune response within a specific host (3, 10, 27) . Over the long term, the last mechanism can induce the first two if viruses are transmitted to new hosts after a continuous long internal evolution (e.g., in mother-to-child transmission of human immunodeficiency virus [39] ). The efficacy of the immune response against different viral proteins can vary. Some proteins may be expressed very early and induce a rapid immune response that can stop the viral infection in its first stages, before the virus has had any chance of propagating. One can thus define the intensity of the immune pressure felt by a viral protein as the expected probability of CTL-mediated lysis of the host cell if this protein is exposed. The use of all three evasion methods is expected to arise as a function of immune pressure. The number of CTL epitopes, their similarity to host peptides, and the number of mutations they accumulate are thus candidates for tools to measure this immune pressure. The accumulation of genomic data and a combination of bioinformatics tools have allowed us now, for the first time, to measure these three effects and assess the immune pressure on different proteins. We used these measures in the context of viruses from the Herpesviridae family. We show a clear distinction between the extents of the immune pressure felt by the viruses at the different phases of infection.
The Herpesviridae are a large family of double-stranded DNA viruses that infect a wide range of hosts. Based on biological characteristics, the herpesviruses are classified into three major subfamilies (alpha-, beta-, and gammaherpesviruses), and eight herpesviruses belonging to different subfamilies have been identified as having humans as their primary host. With the exceptions of Kaposi's sarcoma-associated herpesvirus (KSHV) and herpes simplex virus type 2 (HSV-2), the human herpesviruses are ubiquitous, and infections with these viruses are common worldwide. The herpesvirus genome is 120 to 250 kbp, comprising dozens of genes and several microRNAs. Within all characterized herpesvirus genomes, there are conserved regions that code mainly for structural proteins and replication enzymes and are more conserved among members of the same subfamily than among subfamilies.
Herpesviruses exhibit two divergent phases of infection: lytic (productive) and latent (nonproductive), characterized by distinct patterns of viral gene expression.
Extensive viral gene expression characterizes productive infection, which culminates in virus production and release along with cell lysis and death. In contrast, only a few viral genes are expressed and no viral progeny are produced during the latent phase, in which the virus genome is maintained as a circular episome in the host cell (19) . Several physiological conditions may induce the reactivation of a hidden virus, switching the latent infection into a lytic infection. In fact, primary host infection with herpesvirus leads to lifelong latent infection with periodic reactivation of the virus. This unique life cycle of the Herpesviridae family makes these viruses ideal for testing the relationship between the number of epitopes and the immune pressure.
A limited set of viral genes that enable the virus to replicate are expressed during the latent infection phase of gammaherpesviruses, while in the alphaherpesvirus subfamily, there are no latent proteins but there are latent RNA transcripts (19) . Latency of the betaherpesvirus subfamily is less understood and appears to rely on host gene control and host differentiation signals. The production of the virus depends on another cascade that classifies the viral genes into three major groups according to their respective expression patterns: immediate early (IE), early, and late. The IE genes encode proteins that are expressed first and are regulatory in nature. These proteins control the expression of viral and cellular genes and are critical in the determination of whether the infection will be abortive or productive (12) . Therefore, it is expected that over evolutionary periods the virus will minimize the exposure of these proteins to the immune system.
We hypothesized that the destruction of the virus during latent or productive infection would prevent further virus infection and dissemination. We expected to observe reduced exposure of viral proteins expressed during the latent phase of the infection. We investigated the number of epitopes expressed by each viral protein and defined a score representing the immune pressure. Here, we focus on four human herpesviruses and one murine herpesvirus: one virus from the alphaherpesvirus subgroup (HSV-1-human herpesvirus 
MATERIALS AND METHODS
Genomic data. Viral and human protein sequences were used for this analysis. Human gene sequences were obtained from the Ensembl database (8) , and all the predicted protein-encoding regions were used to deduce the protein sequences. In the present analysis, we ignored the effects of point mutations. The herpesviruses sequences were obtained from the NCBI database (http://www .ncbi.nlm.nih.gov/). We examined four human herpesviruses, HSV-1-HHV-1, EBV-HHV-4, HCMV-HHV-5, and KSHV-HHV-8. We also examined as an independent control the results for one mouse gammaherpesvirus, MHV-68. The proteins of each of the viruses were divided into groups ( Table 1) .
The HSV-1 strain used comprised the complete genome of HHV-1 strain 17 (Refseq, NC_001806; GenBank accession no. X14112). The EBV strain used included the complete wild-type genome of HHV-4 (type 1) strain B95-8 (Raji; Refseq, NC_007605; GenBank accession no. AJ507799). The HCMV strain used carried the complete genome of the HHV-5 laboratory strain AD169 (Refseq, NC_001347; GenBank accession no. BK000394). The KSHV strain used comprised the complete genome of HHV-8 (type P) isolate GK18 (Refseq, NC_009333; GenBank accession no. AF148805). The MHV-68 strain used had the complete genome of murid herpesvirus 4 (MHV-68) strain WUMS (Refseq, NC_001826; GenBank accession no. U97553).
Cleavage score. Given a peptide with N-and C-terminal flanking regions FN and FC and residues P 1 , . . . P i , . . . P n , where P i represents any residue 1, and n represents C and N positions, the following score was defined:
A peptide with a high score, S, has a high probability of being produced, while a low score corresponds to a low probability of production. The appropriate values for S 1 to S 5 were learned using a simulated annealing process (18) . Two learning sets were used. The positive learning set (containing 645 peptides) was composed of peptides observed to be produced in a variety of cleavage experiments. The negative learning set (containing 560 peptides) was composed of peptides observed to be either cleaved in their center or not cleaved at their extremities in the same cleavage experiments. Extra subunits are added to the proteasome in the presence of gamma interferon, changing its cleavage properties. Since our main interest was in the production of peptides presented on MHC-I molecules, we incorporated results from both the standard and so-called immunoproteasome into our analysis. The algorithm was validated to give a rate of false positives of less than 16% and a rate of false negatives of less than 10% (22) . A detailed description of the data used for the cleavage analysis can be found in the supplemental material.
TAP binding frequency. The probability that a peptide binds the transporter associated with antigen processing (TAP) machinery is mainly a function of the residues at the first N-terminal and the last three C-terminal positions. Moreover, this probability can be estimated through a linear combination of the binding energies of the residues. Multiple algorithms for TAP binding frequency were checked. The score computed by Peters et al. (33) gave the best differentiation between presented and random peptides (23) .
MHC binding motifs. Each protein was divided into all possible nonamers by using a sliding window (e.g., a 300-amino-acid protein was divided into 292 .gov/). These matrices estimate the contribution of each amino acid at each position to the total binding strength. Anchor residues have a high level of contribution, while neutral residues have a value of 1. The overall binding strength is the product of the binding strengths of the amino acids at each of the nine positions. For the murine analysis (MHV-68), the same approach with six mouse MHC-I molecules was used. HLA allele frequency and weighted average. The HLA locus has the highest level of polymorphism among all human loci (30) . MHC-peptide binding prediction algorithms are specific for each HLA allele. There are presently 282 known HLA-A alleles, 537 known HLA-B alleles, and 135 HLA-C alleles (37) . Most individuals are heterozygous for HLA-A, HLA-B, and HLA-C and express three different heterozygous MHC-I molecules. Different MHC-I molecules have different racial distributions (44) .
We considered the repertoires corresponding to 31 alleles to maximize the population coverage (in order to determine the average distribution frequencies of human HLA alleles). We used 9 HLA-A (frequency, 60.2%), 19 HLA-B (frequency, 44.2%), and 3 HLA-C (frequency, 31.2%) alleles. To identify the properties of the repertoire in a given population, we used scores for the size of the immune repertoire (the SIR scores) corresponding to the available HLA alleles and calculated the average of scores weighted based on the HLA allele frequencies in this population (37) . The averages for HLA-A, HLA-B, and HLA-C alleles were calculated separately, and the weighted score for the HLA-A, HLA-B, and HLA-C alleles was averaged with the mean score determined when the scores for the alleles were given equal weights.
Validation. To validate our results, we checked the scores of peptides listed in six different databases: SYFPEITHI (35; http://www.syfpeithi.de), MHCBN (7; http://www.imtech.res.in/raghava/mhcbn/), MPID (15), MHCPEP (11; http: //www3.oup.co.uk/nar/database/), AntiJen (9, 28; http://www.jenner.ac.uk /AntiJen/), and HLALigand (40) . Assuming that most peptide sequences in the various databases are correct, we computed the threshold that would maximize the number of presented peptides from the positive databases and minimize the number of peptides from a set of 50,000 neutral peptides with the amino acid distribution reflected in the NCBI database (http://prowl.rockefeller.edu/aainfo /contents.htm). For each HLA allele, we checked the levels of type I and type II errors (e.g., for allele B*5101, see Fig. 1 ) and attempted to find a cutoff minimizing both types. For most alleles, we found cutoffs reducing the rates of both types of errors to less than 10% (i.e., resulting in the inclusion of 90% of the presented peptides and the exclusion of 90% of the random peptides).
Similarity to host peptides. The similarity of each viral peptide to a human expressed peptide was computed as the minimal distance between the viral peptide and any human epitope corresponding to the same HLA allele. The distance was measured in amino acid substitutions. The minimal distance was obviously 0 (full similarity). A distance of 4 or more was considered a distance of 4. For example, the similarity of the HHV-1 rs1 HLA-A*0101 epitope PADGP AVSR to a human peptide was determined by comparing this epitope to all human HLA-A*0101 epitopes. If the same epitope was found in the human epitope list, its similarity to a host epitope would be set at 0. If the epitope itself was not present but the same epitope with a single mutation (e.g., PADKPA VSR, where the mutated amino acid is underlined) was found in the human FIG. 1. B*5101 MHC binding prediction validation. The upper diagram shows a comparison between the scores predicted by the BIMAS algorithm for experimentally measured peptides and random peptides. The cutoff presented in the diagram corresponds to the inclusion of 90% of the presented peptides and the exclusion of 90% of the random peptides. The left curve represents the distribution of the scores for random peptides, and the right curves represent the distributions of scores for presented peptides. As can be seen, even for this extreme threshold (taking into account the large number of false positives in existing databases), there is a clear distinction between the upper cutoff for random peptides and the lower cutoff for experimentally observed peptides (this is true for the vast majority of alleles). The lower diagram represents the fractions of false positives (pos.) and false negatives (neg.) for all cutoffs. The optimal cutoff was designed as the one minimizing both false positives and false negatives. Note that the MHC binding prediction method used was not based on the peptides present in the databases. Thus, the validation and training sets are independent.
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epitope list, the distance would be set at 1. If no epitope with a distance of 1 was found in the human epitope list, we looked for epitopes with a distance of 2 (e.g., PAEGPAHSR). The same procedure was repeated for the identification of epitopes with a distance of 3. If no epitope with a distance of 3 or less was found in the human epitope list, the similarity of PADGPAVSR to a host epitope was set at 4. In order to optimize the comparison process, we first created 31 lists, one for each allele in the analysis. Each list included the full repertoire of human epitopes expressed by the allele as computed from 33,869 human proteins corresponding to the appropriate allele. We then compared each viral epitope to the human epitope list for the appropriate allele.
We avoided checking each viral epitope against each human epitope by arranging all human epitopes (for a single allele) into trees based on all possible contiguous amino acid triplets. There were seven such trees, representing the seven possible sequential triplets of amino acids of each epitope. For example, the epitope ECAGKAHMF would be in the position ECA in the first tree, in the position CAG in the second tree, etc., and in the HMF position in the seventh tree (i.e., H at the first level of the tree, M at the second level, and F at the third). A couple of nonamers are similar in at least six positions if they either have three consecutive identical amino acids or have identical amino acids at one of the following triplets of positions: 3, 6, and 9; 1, 2, and 4; or 1, 2, and 5. We thus created three more trees for these triplets. For example, the ECAGKAHMF epitope would be in the AAF position of the 3-6-9 tree. For each viral epitope, we scanned all human epitopes at the appropriate positions in all trees and computed the distance between the human and the viral epitopes (1, 2, or 3). All viral epitopes with no human counterpart in any of the trees was defined as having a distance of 4. Note that there are many possible combinations of trees that would cover all possible nonamers with a distance of 3 or less.
Conservation. Conservation was computed through a comparison of all available sequences for a given gene with the consensus sequence of the same gene. A conservation score was computed only for genes with at least three different sequences. The conservation score at each position was defined to be the fraction of sequences similar to the consensus at this position. The conservation score of a nonamer was defined as the minimal conservation score over the nine positions.
RESULTS
Using bioinformatics tools, we have determined all the presented CTL epitopes of herpesviruses and of human proteins and have compared the numbers of epitopes presented among different proteins. We defined CTL epitopes as nonamers fulfilling three conditions: (i) presentation in the context of MHC-I, (ii) production through proteasomal cleavage of endogenous proteins (in other words, a given peptide can potentially be presented if its extreme and flanking residues enhance proteasomal cleavage and it is not cleaved in its center), and (iii) transport through the TAP machinery to the endoplasmic reticulum. We have used algorithms (22, 31, 33 ; http://bimas .cit.nih.gov/) to predict all peptides within a protein successfully meeting all these criteria. These algorithms were systematically applied to all nonamers within each protein. A small fraction of the epitopes are transported through a TAP-independent pathway. We ignored those epitopes, since they do not contribute significantly to the statistics. We also ignored octamers and decamers for the same reason. Each MHC molecule has a different peptide binding motif. In this analysis, MHC polymorphism was considered. Human MHC-I molecules are encoded by HLA-A, HLA-B, and HLA-C genes. We estimated the number of epitopes from viral proteins corresponding to 9, 19, and 3 of the most common HLA-A, HLA-B, and HLA-C alleles, respectively, encoding molecules whose binding motifs are well defined. All algorithms used here were validated using a quality assurance process with six different databases of epitopes experimentally determined to be presented. The validation process ensured that the error levels were very low and rarely passed 10% (Fig. 1). A measure of the attempts of the virus to evade detection and thus of the immune pressure on a given virus or a viral protein is the ratio between the number of epitopes in the protein and the number of epitopes in a random sequence of equal length. We have defined the SIR score as the ratio of the number of expected CTL epitopes to the number of epitopes expected within a sequence consisting of the same number of random nonamers with a similar amino acid distribution. For example, assume a sequence of 300 amino acids containing four HLA-A*0201 epitopes. If a set of 300 random amino acids with a distribution similar to that of the first sequence is expected to have 10 HLA-A*0201 epitopes, the SIR score of the sequence for HLA-A*0201 would be 0.4. The SIR score of a protein in a population is defined as the average of the SIR scores for all HLA alleles, weighted by the frequency of the HLA alleles in this population. The amino acid distribution used for the random peptides represents the average amino acid usage in sequences in the NCBI database (http://prowl .rockefeller.edu/aainfo/contents.htm) and not specifically a herpesvirus amino acid distribution.
We computed the epitope repertoires of four different human herpesviruses (HSV-1, EBV, HCMV, and KSHV) and one murine herpesvirus (MHV-68). The human repertoire was determined using human HLA alleles, while the mouse repertoire was determined based on mouse H-2 alleles. From the repertoire, the SIR score of each protein from each virus was computed. The first striking result was that the average SIR score for all human herpesviruses was significantly lower than 1 (P, Ͻ1eϪ10 for all four herpesviruses). The SIR score of a complete virus was defined as the average of the numbers of epitopes in the virus for all HLA alleles, weighted based on the frequencies of the alleles, divided by the number of epitopes expected in the number of random peptides equal to the number of viral proteins (Fig. 2) . The frequencies of the mouse alleles are unknown, so the SIR score was computed for each allele. For most HLA alleles tested (except the H-2K d allele), the SIR score was lower than 1 or approximately 1. The low   FIG. 2 . Average SIR scores of latent, IE, and lytic proteins. Data for HSV-1, CMV, KSHV, and EBV are shown. Each column represents proteins highly expressed in a specific phase, the latent, IE, or lytic phase, or all the viral proteins, as indicated. Two asterisks represent a P value of less than 0.01. The latent proteins express fewer epitopes (per candidate nonamer) than the IE proteins (for KHSV, P is Ͻ0.001, while for the EBV, the difference is not statistically significant). Both the IE and the latent proteins express fewer epitopes than the lytic proteins (P Ͻ 0.001). The values are the average SIR scores for all HLA alleles weighted by the HLA allele frequency in the total human population. 200 viruses, listed in the supplemental material) was close to 1. This low SIR score is a direct result of the evolution of the attempts of viruses to evade detection by the immune system. The low SIR score was actually surprising, since there is significant pressure on the immune system itself to adapt to viruses through the high level of HLA locus polymorphism. The low SIR score shows that the pressure on the herpesviruses to evade immune detection is much stronger than the pressure on the immune system to detect herpesviruses. A plausible explanation is the low level of pathogenicity of herpesviruses. Even a productive infection with a herpesvirus is not fatal in immunocompetent hosts. We have computed the SIR scores of a large set of randomly chosen nonhuman viruses (including nonhuman herpesviruses). For these viruses, the SIR scores were indeed distributed around 1. Furthermore, the average SIR score of the 18 nonhuman herpesviruses tested (see Table S1 in the supplemental material) was higher than that of the human herpesviruses (0.95 versus 0.89). Thus, in the absence of immune pressure on the virus or viral pressure on the human population, the SIR score is approximately 1. If indeed the SIR score represents the balance between the evolutionary pressure on the virus to present fewer epitopes and the evolutionary pressure on the human MHC system to present more epitopes, we would expect viruses leading to an acute fatal infection to have high SIR scores. We calculated the SIR scores of lethal human viruses, such as Ebola and smallpox viruses, and indeed, their SIR scores were significantly higher than 1 (1.076 for Ebola virus and 1.303 for smallpox virus; P Ͻ 1.eϪ8.). Herpesviruses are not the only human viruses to have low SIR scores. Actually, many nonlethal human viruses have lower scores than herpesviruses (23) . These low scores seem to highlight the fact that for nonlethal viruses the evolutionary pressure of the immune system on the viruses is stronger than the one the viruses effect on the distribution of MHC alleles in the human population. Viruses can also evade immune detection by mimicking host peptides (5) . Even if a viral epitope is presented, it will not evoke an immune response if it is very similar to a host epitope. We have computed the fraction of all HHV epitopes similar to at least one human epitope (differing by up to two amino acid substitutions) of the corresponding HLA. The average similarity for all known viral epitopes was approximately 1%. The similarity of presented human herpesvirus epitopes was approximately 13% (Fig. 3 ). This huge difference further reduces the number of epitopes that can evoke an immune response. Not only were herpesviruses determined to have many fewer epitopes than expected, but these epitopes were also significantly more similar to human epitopes (by a 20-fold factor) than expected. Note that this similarity may also be the simple result of the long coevolution of humans and herpesviruses. We cannot rule out this possibility. However, we here show that this level of similarity is specific to protein groups within the virus that reduce their epitope numbers.
A third way for herpesviruses to evade detection may be a higher mutation rate in epitopes than other sequences during evolution within the host. A high mutation rate would induce a high level of variability in herpesvirus sequences in different hosts at different times. We calculated the fraction of epitopes containing no mutations (in at least 90% of the sequences) and compared it to the fraction of conserved peptides (that are not epitopes) in the same proteins. We found no clear difference between the level of conservation of epitopes and random peptides. This result may suggest that mutations within a given strain are not a major way of evading detection. This possibility is in contrast with known results for human immunodeficiency virus (27) and influenza virus (14) . This difference may be due to the inherent weakness of the conservation score, which may represent more the variability among hosts than the internal viral variability within a host. A second reason for the difference may be the limited numbers of gene sequences for many proteins.
Not all proteins sustain the same pressure. One may assume, for example, that latent proteins would undergo the most significant long-term evolution to evade detection. We looked for all latent proteins. The KSHV genome encodes more than 90 proteins. Of these proteins, 82 were classified into one of three groups (latent, IE, and lytic) based on the phase during which they are expressed (12) . We expected the SIR scores of the latent proteins to be lower than those of all other proteins. The 77 EBV proteins were also divided into IE, latent, and lytic proteins (34) . In HSV-1, there are only latent transcripts and no latent viral proteins are expressed. HCMV also has latent proteins, but a list of such proteins was not found. The HCMV genes were divided into lytic and IE genes. The SIR scores of the latent proteins in both KSHV and EBV were indeed significantly lower than the average SIR score for all proteins, while lytic proteins had higher-than-average SIR scores (Fig.  2) . If a lower SIR score is indeed a measure of immune pressure, one would expect the fraction of latent-group epitopes similar to host epitopes to be higher also. This was indeed the case for both EBV and KSHV (Fig. 2) . The escape from the immune system is thus accomplished using both a reduction in the number of epitopes and mimicry. The number of immunogenic epitopes is, however, still not reduced to zero. The remaining epitopes may either evoke no immune response or The virus is most sensitive to destruction by the cellular immune system when the virion number is small. This situation happens during latency, when there are no virions at all. Virions are also not present in the earliest phase of infection, during the expression of IE genes. The IE proteins are expressed during the initial infection, having mainly regulatory functions (although they are also required for genome replication). As in the case of the latent proteins, one would expect the SIR scores of the IE proteins to be low. We defined the IE proteins of HSV-1, EBV, HCMV, and KSHV. The SIR score of the IE proteins was indeed significantly lower than the SIR score of all proteins in the virus, which in turn was lower than the SIR score of lytic proteins (Fig. 2) (P Ͻ 1eϪ6) . Similarly, the fraction of epitopes within the IE proteins that were similar to host epitopes was again higher (on average) than that within all other protein groups. The SIR score of IE proteins and their similarity to host epitopes were intermediate between those of the latent and all other lytic proteins, although for KSHV there was no statistical difference between the levels of similarity of latent and IE proteins to human epitopes. In the early phase of infection, when the stealth of the infection and viral population growth may be critical, it is probably important (from the virus point of view) to reduce host detection, but not as much as in the latent phase. In contrast with latent proteins, the IE proteins are expressed for a short period, since they are down-regulated by the early proteins. Thus, even if the IE epitopes are partially presented to the immune system, CTLs have limited time to use the IE epitopes in order to destroy the virally infected cells.
Thus, the clear hierarchy seems to be that latent proteins express the fewest epitopes (per candidate nonamer). IE proteins are next, and then all other lytic proteins. The SIR score was the average of scores for 31 common MHC-I alleles weighted according to allele frequency. The differences among the SIR scores of different groups were not the result of one or two extreme alleles but were observed for most HLA alleles (Fig. 4) and are thus consistent markers of this population of viruses. The consistent difference among HLA alleles and different herpesviruses is powerful evidence of the strong pressure of the immune system on the viruses.
The validity of these results was also tested with a murine virus. We tested the ratio between the SIR scores of lytic, latent, and IE proteins in MHV-68 (13, 26) for six different H-2 alleles. The viral model was quite different from that for the human herpesviruses, and the SIR score of MHV-68 was computed for mouse H-2 alleles and not human HLA alleles. Still, the SIR scores (averaged for all alleles with equal weights) of the IE and latent groups were similar to each other, and both were significantly lower than that of the lytic group (Fig. 5) .
The comparison between the human and murine herpesviruses actually shows that the reduction in the epitope numbers is host specific. When the SIR score of MHV-68 for human MHC molecules or those of human herpesviruses for mouse MHC molecules were tested, the clear order among groups was lost. In general, IE proteins of human herpesviruses had high SIR scores for mouse MHC molecules, and latent proteins of MHV-68 had high SIR scores for human MHC molecules (see Fig. S1 in the supplemental material) .
The main factor preventing herpesviruses from systematically mutating all their proteins is the need to maintain functional and structural elements. These elements can be detected by the comparison of proteins conserved among herpesviruses (either among subgroups or within a subgroup) and proteins We have compiled a list of proteins specific to KSHV and compared their SIR score to the SIR score of proteins conserved among the gammaherpesvirus subgroup. As expected, the score of specific proteins was lower than the score of conserved proteins (0.7915 versus 0.9323; P Ͻ 0.001). A similar result for HCMV was obtained. We divided HCMV proteins into core and noncore proteins. Again, the SIR score of the noncore proteins was lower (0.8285 versus 0.9159; P Ͻ 1eϪ7).
The common open reading frames encode mainly replication functions which are essential for virus production. We postulate that there is a conservation pressure on these core sequences, limiting the reduction in the number of epitopes. The average score, however, does not tell the full story. In order to understand the full repertoire, we made a histogram of the SIR score of each protein group and each herpesvirus considered in the present analysis. We here discuss the HCMV SIR score histogram (Fig. 6) . Similar conclusions can be obtained for all other herpesviruses studied. The HCMV proteins were divided based on the phases of infection in which they are expressed (IE, early, and late proteins) (21) and the level of conservation among herpesviruses (i.e., core versus noncore proteins). The histogram showed that there was no difference between the different subgroups of the lytic population (early versus late) but that there was a clear distinction between the lytic proteins and the IE proteins. IE protein SIR scores were all less than 1, while the early and late proteins had SIR scores randomly distributed around 1. A similar distinction for core versus noncore proteins existed. The SIR scores for core proteins were distributed around 1, while the majority of SIR scores for unique proteins were lower than 1. Note that these distinctions are not deterministic. Some conserved and lytic proteins had very low SIR scores. We checked if these proteins had specific reasons to lower the number of presented epitopes. For KSHV and EBV, the lowest SIR scores obtained were those of latent proteins. The KSHV ORF73 protein is very significantly underpresented to the immune system (SIR score, 0.34634). ORF73 encodes latency-associated nuclear antigen 1, which is critical for the latent life cycle (20) . This FIG. 5 . Average SIR scores of MHV-68 protein groups for five latent H-2 alleles. The alleles were given equal weights (since we had no data about their frequency in the population). The MHV-68 proteins were divided into IE, latent, and lytic proteins. The latent and IE proteins express much fewer epitopes than the lytic proteins. Note that in order to obtain a precise statistical estimate of the significance of the differences, the weighted average should be computed.
FIG. 6. SIR score distribution for each group of HCMV proteins. Two histograms are presented. The upper histogram represents the phases of infection (IE, early lytic, and late lytic). The lower inverted histogram represents conservation. The x axis represents the SIR score, and the y axis represents the fraction of proteins with this score. There was no difference between the different subgroups of the lytic population (early versus late), but there was a clear distinction between the lytic and the IE proteins. The IE SIR scores were all less than 1, while the early and the late lytic proteins had SIR scores randomly distributed around approximately 1. A similar distinction for core versus noncore proteins existed. The SIR scores of core proteins were distributed around 1, while the majority of SIR scores for unique proteins were lower than 1.
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protein tethers the viral genome to the host chromosome and participates in the replication of the viral genome. In addition, it activates and represses transcription, it is an antiapoptotic protein, and it stimulates cellular transformation. This protein is indeed the most essential one in the latent phase. EBV nuclear antigen 1 has the lowest SIR score of the EBV proteins. It is known that the Gar domain of EBV nuclear antigen 1 prevents the cleavage of its own defective ribosomal products and thus facilitates the escape from recognition by CTLs (29) . Some of the low SIR scores were those of lytic proteins, but these proteins were found to be mostly delayed early proteins, such as HSV-1 UL11 (24) and HCMV UL94 (45) , and proteins expressed early postinfection, such as HSV-1 ICP34.5 (32) . For most of the cases that we tested, the low-SIR-score proteins were expressed very early even if they were not tagged as IE proteins. There also were some proteins with surprisingly high SIR scores (see the supplemental material). We have not systematically studied them, since our main interest is in proteins trying to evade immune detection. Interesting examples in this context were HCMV US2 and US11 (6), which overpresent epitopes. These proteins are associated with MHC-I degradation and thus are not harmed by epitope overpresentation. Since MHC-I binding motifs are biased toward an increased viral epitope presentation (23), the lack of immune pressure can actually lead to epitope overpresentation.
DISCUSSION
Viruses and the immune system play an intricate evolutionary game. Viruses attempt to evade immune detection, while the human population is constantly driven by epidemics of viral infections to use HLA alleles presenting virus epitopes. Viruses use a wide variety of immune evasion mechanisms, such as (among others) the down-regulation of MHC-I expression (16) , mimicry (4), the down-regulation of CD1d surface expression (46) , and the mutation of T-cell epitopes (10, 27) . If the selective pressures on the viruses and the immune system are balanced, the numbers of epitopes from viruses and from random sequences presented on MHC molecules should be similar. An interesting test case is the Herpesviridae family. These viruses have a peculiar life cycle and a long history of evolution with humans (42) . We can assume from the long coevolution that the immune system and the herpesviruses have reached a sort of equilibrium. The peculiar herpesvirus life cycle consisting of two critical phases (IE and latent) allows us to test our assumptions about the relationship between the epitope number and the effect of the immune system. There is strong pressure on the herpesviruses to reduce their epitope numbers, especially during their latent phase. The pressure on the human population selecting for HLA alleles that present herpesvirus epitopes is limited since herpesviruses are rarely lethal in immunocompetent hosts.
We have performed an immunomic analysis of the herpesvirus epitope immune system evasion repertoire by using a combination of bioinformatics methods and genomic data from four human herpesviruses (KSHV, EBV, CMV, and HSV-1) and one murine herpesvirus. Our analysis shows that all studied herpesviruses indeed reduce the number of MHC-I epitopes they present on human host cells.
We have defined a new score directly measuring the attempts of viruses to evade immune detection. For a given protein and genome, a library of all presented epitopes was devised. The size of the library was compared to the size of its counterpart for a random sequence of similar length. The size ratio was designated the SIR score.
The SIR scores of all herpesviruses studied in this analysis were lower than 1. In other words, the number of presented epitopes was significantly reduced compared to the number of expected epitopes. This finding is in clear contrast with results for viruses causing acute infections, such as Ebola and smallpox viruses, which show SIR scores higher than 1. A reduction in the number of presented epitopes can have crucial effects on the immune response, since the average number of epitopes is of the order of one per protein per HLA allele (23) . A reduction in this number can simply prevent the immune system's detection of a given protein. Furthermore, the presented herpesviruses epitopes are much more similar to host epitopes than random viral epitopes are (13% similarity versus 1%). Thus, herpesviruses present fewer epitopes than expected, and among this limited number of epitopes, many would not induce an immune response. Note that a single epitope may theoretically induce an immune response. Thus, theoretically, as long as the SIR score is not 0, an immune response is possible. However, the immune response is a stochastic process. The viral effort to reduce the epitope number, accompanied by other immune evasion methods, is meant to reduce the probability that an infected cell will be destroyed to a level allowing some of the infected cells to produce virions or to become latent. Even if most cells are indeed destroyed, a small number of surviving infected cells can be enough to ensure a successful infection.
The herpesvirus life cycle allowed us to test the details of immune evasion. Proteins related to the latent and the IE phases had much lower scores than lytic proteins. Moreover, epitopes in latent and IE proteins were much more similar to human epitopes than were lytic ones. The escape from immune detection in the early phases of infection may be almost as important as the escape in the latent phase. The early presentation of an epitope may give the immune system enough time to kill the infected cell, before budding, while late destruction may not prevent budding and the infection of new cells. Moreover, abortive infection can lead directly to latency, so the destruction of cells during the IE phase may be the only way to avoid latency. The clear hierarchy among herpesvirus protein groups emerging from our analysis is that latent proteins express the fewest epitopes, followed by IE proteins, and only then come all lytic proteins. Our analysis of each herpesvirus was done independently, and the results were consistent for all the viruses. We also used the fraction of epitopes similar to human epitopes as a measure of immune evasion. The results obtained for similarity to host epitopes and the SIR scores were consistent for all groups. The consistent results are one more validation of the methodology and a proof that immune evasion is a multimodal process.
An important caveat is that the SIR score and the epitope similarity to host epitopes represent strictly the attempts of the virus to evade immune detection and not its success. Theoretically, even a single immunodominant epitope may be enough to induce CTL-mediated apoptosis of the host cell. Furthermore, not all epitopes in a given protein are similar, and the Beyond its explanatory power, the SIR score has important applications. The detection of outliers in the distribution allows us to detect proteins that the virus tries to hide from the immune system. Their epitopes are optimal targets for immunotherapy or simply for vaccination. One can assume that if the viruses attempt to hide a protein from the immune system, the detection of this protein would maximize the immune impact. Thus, the SIR score can track the proteins important for immunotherapy even if their functions are not known. It can be used for any virus. The full list of epitopes for other viruses for any HLA alleles can be obtained from the PEPTIBASE server at http://peptibase.cs.biu.ac.il.
